Introduction
The food industry faces a variety of challenges to keep products safe and free of pathogenic microorganisms, both for the sake of consumers and for the product itself. Nonetheless, there are numerous reports of illness, hospitalization, and even death every year due to a variety of foodborne pathogens present in or on the food we eat. More than 200 different foodborne pathogens -including viruses, bacteria, and parasites -are known to cause foodborne illness, along with toxins, chemical contaminants, and metals. Foodborne outbreaks are linked to intake of contaminated food products such as undercooked meats, fresh vegetables and fruits, ready-to-eat (RTE) foods, etc. Consumer demands and trends in the food industry have led to an increase of the RTE food market section which includes bagged salads, fresh-cut fruits, prepared foods, prepackaged cookie dough, and frozen dishes, among others, that have greatly challenged food production technologies and their associated safety procedures. When food safety measures are not strictly used, then the mixing and handling of enormous volumes of products can increase the spread of microbial contaminants, when present, leading to increased episodes of illness. Many fresh-cut produce products, acquired in markets, are processed in industrial facilities where cross-contamination with pathogenic bacteria from different sources can occur. Food product contamination by bacteria is most likely to occur on the producing farm, at the food processing step (usually resulting from the carcass coming into contact with the feces of infected animals during processing) (Morgan et al. 1987) , or even with the end user due to cross-contamination events (e.g., poor sanitation practices) (Lynch et al. 2009 ).
In food industries, pathogenic and spoilage bacteria are consistently found living in sessile communities attached to a wide range of biotic and abiotic surfaces. These communities, better known as biofilms, are accountable for spoilage of products in food, dairy, and food processing industries and can cause transmission of diseases. Biofilms tolerate 100-to 1000-fold higher levels of antimicrobial agents than planktonic cultures, and, although several strategies are adopted to prevent their formation and removal, biofilms do persist in a wide range of industrial surfaces, particularly in hard-to-access zones which are not reached, for instance, by disinfectant agents.
The use and research on the field of natural antimicrobial agents has increased, not only due to concerns with antimicrobial resistance but also due to alterations in consumer positions toward the use of antibiotics and synthetic preservative agents in food, surface detergents, and disinfectants. Bacteriophages have great potential to be used as alternative disinfection and sanitizing agents in different industrial settings, although their application has been studied in a limited range of scenarios. Since the presence of bacterial biofilms in the industrial environment can lead to great monetary losses, due to their potential to give rise to contamination but also because they can literally clog up processes, their eradication is imperative, and the development of new disinfection products such as bacteriophage-based products therefore mandatory. In this way, it is necessary that more studies using bacteriophages for the removal of biofilms from different industrial settings be implemented to assess their potential to control those bacteria which are attached to surfaces rather than solely their free-floating counterparts.
Biofilms in Food Industrial Settings Prevalence of Biofilms
Biofilms in industrial environments are a serious problem, since they may impair the performance of the equipment or even degrade it (Sampathkumar et al. 2005) and can serve as reservoirs of pathogenic and spoilage bacteria, such as Campylobacter, Salmonella, Listeria, Escherichia coli O157:H7, and others, which may contaminate food products. The presence of bacteria in foods results in a reduced shelf life of the food product and subsequent economic loss for the industry (Winkelströter et al. 2014; Coughlan et al. 2016) . For long, the economic impact on food contamination due to microbial contamination has led to the loss of tons of foods produced each year (National Research Council (US) Subcommittee on Microbiological Criteria 1985). According to a survey of 2011 of three dozen international companies, 18 percent of these were hit by a food recall that resulted in between $30 million and $99 million in lost sales, and further 5% reported an impact of $100 million or more (Kowitt 2016) . These losses are sizeable and can occur already in the production stage, storage, transport and processing, or even with the end consumer.
Notwithstanding the implementation of Hazard Analysis and Critical Control Points (HACCP) in food companies to reduce the amount of contaminated food reaching the consumer, and reducing the incidence of foodborne illnesses, in industrialized countries the number of people who become infected with foodborne diseases is alarming. For instance, the European and US authorities responsible for monitoring and analyzing foodborne diseases reported the following numbers: in 2015 a total of 4362 foodborne outbreaks were identified in Europe; and an estimated 50 million cases of foodborne diseases occur in the USA each year (European Food Safety Authority 2016; Centers for Disease Control and Prevention 2011). In the USA alone, these foodborne zoonotic infections result in 128,000 hospitalizations and 3000 deaths (Centers for Disease Control and Prevention 2011).
In food industrial settings, biofilms may be formed in different types of surface ( Fig. 1) . Food surfaces and all working surfaces in which foods are processed provide an excellent niche for biofilm formation due to the nutritional richness allied to the suitable conditions of temperature and pH in the environment (Chmielewski and Frank 2003) . Biofilms can also be formed on equipment surfaces, particularly those with high humidity or moisture levels, which do not necessarily contact directly with foods. Cross-contamination, however, is a major cause of food product contamination, for instance, as a result of spread of moisture drops and aerosols formed during cleaning and worker's activity (Sampathkumar et al. 2005) .
Biofilm Formation on Surfaces
There is consensus that biofilm formation involves a series of sequential steps or stages (Fig. 2) . First, a conditioning film is formed on a surface. In food environments, organic and inorganic molecules, including proteins, lipids, nucleic acids, and others, released from foods (such as, milk, meat, fruits, vegetables) adsorb to the surface almost immediately after surfaces come into contact with a liquid phase, forming a layer at the water/solid interface. This results in an increased concentration of nutrients on the surface and also the alteration of the physicochemical properties of the surface (Kumar and Anand 1998; Korber et al. 2009; Srivastava and Bhargava 2016) .
The second stage of biofilm formation is the reversible attachment of bacteria to the surface. Bacteria approach the surface either randomly or in a directed manner via chemotaxis and motility, and weak interactions (such as electrostatic forces, van der Waals forces, hydrophobic interactions) develop between them and the surface. Determination of whether further levels of attachment will occur depends on the net sum of the attractive and repulsive forces that are generated. The physicochemical properties of the surface, the existence of nutrients, the conditions of surrounding environment, the bacterial growth stage, and the existence of bacterial structures, such as fimbriae and flagella, also influence bacterial attachment. It is noteworthy that, in this stage, bacteria can easily be detached from the surface if the environment is not favorable (Kumar and Anand 1998; Dunne 2002; Sampathkumar et al. 2005) .
Once reversibly attached, if conditions are favorable, then bacteria can become irreversibly attached. In this stage, several short-range forces are involved, such as dipole-dipole interactions, hydrogen, ionic and covalent bonding, and hydrophobic interactions. The attachment is reinforced by bacterial surface structures, including receptor-specific ligands located on pili, fimbriae, and fibrillae. The most important characteristic of the irreversible attachment stage is the production of extracellular polymeric substances (EPS), which aid in attaching the bacterial cell to the surface. EPS consists mainly of polysaccharides, but it also can contain nucleic and amino acids, glycoproteins and phosphoproteins, sugars, phospholipids, uronic acids, and phenolic compounds. In addition to strengthening the attachment, EPS is responsible for a reduction in diffusional transport (which alters the physiological status of the embedded bacterial cells, decreasing their growth and metabolism rates), nutrient storage, and increased resistance to antimicrobial agents. At the end of this stage, bacterial attachment to the surface is irreversible, unless any physical or chemical intervention is applied (Dunne 2002; Sampathkumar et al. 2005) .
Following attachment, bacterial cells grow and divide, intercommunicating through chemical signals. The production of EPS is enhanced, with bacteria multiplying within this structure, which results in the formation of microcolonies. Their continuous growth leads to the formation of a layer of bacterial cells that can cover the entire exposed surface (Kumar and Anand 1998; Prakash et al. 2003) . The density and complexity of biofilms increases with the continued attachment and growth of bacteria as well as EPS production, resulting in multilayers of bacterial cells embedded within the EPS matrix. Within the biofilm, there also exist water-filled channels that are responsible for transporting nutrients and removing waste products. Different microorganisms with different nutritional requirements can attach and colonize the surface, contributing to the heterogeneity of the biofilm. At this stage, a mature biofilm with a complex three-dimensional structure has formed (Fig. 3) (Kumar and Anand 1998; Prakash et al. 2003) .
As biofilms mature, cells detach and disperse from the biofilm. Detachment can be a consequence of nutrient depletion, decreased pH or oxygenation, and accumulation of toxic products. Fluid dynamics and shear effects of the bulk fluid also contribute to the dispersion of biofilm cells. Specific enzymes that degrade the EPS of different microorganisms may be produced, contributing to the detachment of cells from the biofilm. It is thought that biofilm-released cells are phenotypically more similar to planktonic cells than to biofilm cells. The released cells are able to colonize new niches and initiate the formation of new biofilms (Kumar and Anand 1998; Prakash et al. 2003; Srivastava and Bhargava 2016) .
Bacterial organization into multispecies communities attached to surfaces is common in the industry, as in any other natural environment. In fact, life in a multispecies biofilm confers ecological advantages, in comparison to planktonic living or even single-species biofilms. Within the EPS matrix, bacteria are protected from environmental damages, host immune defenses (if the pathogens are infecting animals), and, most relevantly here, from antimicrobial agents. Cells can easily intercommunicate within the biofilm structure and horizontally transfer genes. Furthermore, biofilm formation is associated with an alteration in gene expression, being under the control of a gene regulation system known as quorum sensing. The lower growth rate of bacteria when living as a biofilm is also advantageous, contributing to their increased antimicrobial resistance (Coughlan et al. 2016; Gutiérrez et al. 2016) . The presence of persister cells, those that are in a state of dormancy (a state in which cells are metabolically inactive), in the biofilm Fig. 3 Representation of a mature biofilm environment is of utmost importance due to their high tolerance to antimicrobials. It has been suggested that persisters are the major element responsible for the recalcitrance of biofilms to these agents (Lewis 2010; Wood et al. 2013 ).
Impact of Biofilms in Different Food Industry Settings
Biofilm formation has a notable impact in different food industry settings. Formation of biofilms is of special concern in the dairy, poultry, red meat, seafood, fresh fruits, and vegetable processing industries (Fig. 4) . Different approaches have been adopted in order to eliminate biofilms from food environments, including the use of chemical sanitizers (Jahid and Ha 2014) , natural compounds (Raffaella et al. 2017) , enzymes (Lequette et al. 2010) , and others.
Dairy Industry
In the dairy industry, a wide range of bacterial species with different growth requirements can colonize and form biofilms (Bremer and Seale 2009) . Also, milk can become contaminated before entry into the dairy processing plant. Although pasteurization is performed, some bacteria survive this process (Oliver et al. 2005) . This is especially the case for thermoduric and thermophilic bacteria, such as sporeforming Bacillus which are of great concern in the dairy industry (Gopal et al. 2015) . Furthermore, the manipulation of raw milk can facilitate the spreading of other spoilage and pathogenic bacteria (Bremer and Seale 2009) . The deposition of proteins and minerals from milk favors the attachment of some bacteria to food contact Fig. 4 Fields within the food industry with reported problems due to biofilm formation surfaces, which are usually made of stainless steel (Jindal et al. 2016) . The different conditions of temperature and pH favor the formation of biofilms by different bacteria (Gutiérrez et al. 2016) . For instance, Listeria monocytogenes is able to grow at cold temperatures, and biofilms formed by this pathogen were reported to be the cause of contamination of bulk tank milk (Latorre et al. 2010) . Biofilm formation by thermophilic bacteria, such as Streptococcus thermophilus, is favored in several high-temperature processes of the dairy industry, mainly at plate heat exchangers as used during pasteurization (Bremer and Seale 2009 ).
Poultry Industry
Bacteria from poultry carcasses can attach to equipment surfaces and form biofilms, providing a contamination reservoir for the products that pass over the surface of the processing equipment (Arnold 2009 ). Many poultry products, such as broiler chicken and turkey meats and eggs, are frequently involved in foodborne outbreaks (European Food Safety Authority 2015), and several bacterial species are responsible for these outbreaks. Campylobacter jejuni, for instance, is a common inhabitant of the gastrointestinal tract of poultry and a major cause of food product contamination during processing. Despite its fastidious growth requiring microaerophilic atmosphere and temperatures above 30 C, C. jejuni is often found in poultry products, and its presence in multispecies biofilms is thought to be a main reason for C. jejuni's survival in the food industry environment (Teh et al. 2014) . Salmonella is another important pathogen frequently isolated from poultry products (Marin et al. 2009 ) that can easily attach to stainless steel surfaces present in the poultry processing industry and form biofilms even at low temperatures (16 C) (De Oliveira et al. 2014 ).
Red Meat Industry
The ability of bacteria to form biofilms is problematic in red meat production and processing industries (Giaouris et al. 2014) . Shiga toxin-producing E. coli O157:H7 is an important pathogen related to contamination in this industry (Gutiérrez et al. 2016) . This bacterial pathogen forms strong biofilms on stainless steel, and attached cells are easily transferred to food products; in addition, the transferred cells remain strongly attached to food, even after washing (Silagyi et al. 2009 ). Other studies have reported that E. coli O157:H7 is able to attach and grow as biofilm in bovine meatcontact surfaces not only at the temperature used during non-production hours (15 C) but also during cold storage temperatures (4 C), with the latter of special concern (Dourou et al. 2011) . Ready-to-eat (RTE) meats are an increasing cause of foodborne outbreaks with deli meats described as the leading cause of listeriosis. Studies have found that L. monocytogenes strains involved in the contamination of RTE foods have increased biofilm formation capacity and that cross-contamination from L. monocytogenes biofilms present in processing equipment surfaces to RTE meats is the main contamination route (Gibbons et al. 2006; Wang et al. 2015; Møretrø et al. 2017) .
Seafood Industry
In the seafood industry, several bacterial species can contaminate the processing facilities and form biofilms. Seafood products, including finned fish, crustaceans, mollusks, marine mammals, and fish eggs, can enter the industry already contaminated and cross-contaminate equipment and other food products (Srey et al. 2013; Mizan et al. 2015) . The use of seawater instead of freshwater is also a problematic contamination source (Srey et al. 2013) . It was reported that even after seawater has been treated, bacteria living as biofilm in the seawater distribution system were not completely eradicated, serving as a bacterial reservoir for the following processes (Shikongo-Nambabi et al. 2010) . The most common biofilm-forming pathogens found in the seafood industry are Vibrio cholerae, Vibrio parahaemolyticus, and Vibrio vulnificus. Vibrio spp. are able to form biofilms on different surfaces, such as the chitin of diatoms, oysters, and several other organic and inorganic materials, including stainless steel (Mizan et al. 2016 ). In addition, other bacteria such as Salmonella spp., L. monocytogenes, and Aeromonas hydrophila are also associated with the formation of biofilms in the seafood industry (Srey et al. 2013; Mizan et al. 2015) . A seafood industry study showed that adherent bacteria were found in many locations of seafood processing lines even after cleaning and disinfection procedures (Guobjörnsdóttir et al. 2005) . A correlation between the persistence in the fish industry and the ability to form biofilms was demonstrated for different strains of Salmonella (Vestby et al. 2009 ).
Fresh Fruit and Vegetable Industry
Fresh fruit and vegetables have the potential to harbor bacterial pathogens, including L. monocytogenes, Salmonella spp., and E. coli O157:H7, which have been increasingly implicated in foodborne outbreaks (Beuchat 2002 ; Centers for Disease Control and Prevention 2016). Moreover, it was reported that most of bacteria isolated from food and non-food contact surfaces in fresh-cut processing facilities are able to form biofilms, with about 30% of them being strong or moderate biofilm formers (Liu et al. 2013) . Colonization of fruits and vegetables can occur at any stage of preharvest and post-harvest operations. During fresh produce processing, either trimming, cutting, washing, rising, dewatering, or packaging can be a source of crosscontamination. Biofilms formed on the surfaces of fresh produce, such as of leafy greens, apples, and melons, and on equipment surfaces greatly facilitate this process (Annous et al. 2009; Srey et al. 2013 ).
Currently Used Removal Strategies
One of the most important features of biofilms is their increased antimicrobial resistance. Microorganisms living as a biofilm can be higher than 1000-fold and more resistant to antimicrobials than their planktonic counterparts. This resistance has been attributed to the reduced diffusion of the antimicrobial due to the presence of EPS, physiological changes caused by the decreased growth rate of cells, and the production of enzymes that degrade antimicrobial compounds (Kumar and Anand 1998; Winkelströter et al. 2014) .
In this regard, regular cleaning and disinfection procedures are of most importance in the food industry to prevent the irreversible attachment of bacteria to surfaces and the subsequent proliferation of biofilms (Simões et al. 2010) . Food debris and other residues should be effectively removed by cleaning, since biofilm formation and the efficacy of disinfectants are, respectively, positively and negatively influenced by their presence (Van Houdt and Michiels 2010). Several chemical products may be used during cleaning depending on the type of soil or dirt. Most of them are surfactants or alkali compounds that decrease the surface tension, emulsify fats, and denature proteins, thus suspending and dissolving food debris (Simões et al. 2010) . In some instances, the use of acid cleaners is required for surfaces bearing precipitated minerals or with high levels of food residues/minerals. Nonionic wetting agents are used due to their ability to control foaming and their good emulsifying properties. Depending on water hardness, sequestrants can be used to chelate minerals (Chmielewski and Frank 2003) . It is very important that these agents, used during the cleaning process, disrupt or dissolve the EPS matrix in order to allow the access of disinfectants to the viable cells (Simões et al. 2010) . The type of chemical agents used, the contact time, the temperature, and the application of mechanical forces are variables that together can greatly influence the efficiency of cleaning (Van Houdt and Michiels 2010). Cleaning procedures can remove most of the microorganisms associated with a surface, but are not necessarily able to kill them. Therefore, removed microorganisms can reattach to other surfaces and initiate the formation of novel biofilms (Simões et al. 2010; Srey et al. 2013) .
Antimicrobial agents are used during disinfection procedures, which are often performed after cleaning, with the aim of killing the microorganisms. They are applied as a liquid spray to kill microorganisms on surfaces or, alternatively, as a fine mist to kill airborne microorganisms (Coughlan et al. 2016) . The presence of organic substances (fat, carbohydrates, and protein based materials), water hardness, temperature, pH, time of application, and degree of physical contact with the microorganisms are limiting factors for the effectiveness of the antimicrobial agents (Simões et al. 2010; Srey et al. 2013) . A wide range of disinfectants are used in the food industry, including chlorine, quaternary ammonium compounds (QAC), hydrogen peroxide, peracetic acid, ozone, phosphoric acid, sulfamic acid, and acid blends (Chmielewski and Frank 2003) .
Although cleaning and disinfection procedures can be efficient in removing and then killing bacteria before they irreversibly attach to a surface, elimination of mature biofilms is a more difficult task. Interestingly, the selection of antimicrobial agents to be used tends to be based on studies performed with planktonic cells, though it is common sense that biofilm cells have an increased resistance to their action (Simões et al. 2010; Coughlan et al. 2016) . Several studies have reported lower susceptibility of biofilms formed by spoilage and pathogenic bacteria to common disinfectants used in the food industry. For instance, Corcoran et al. assessed the activities of sodium hypochlorite, sodium hydroxide, and benzalkonium chloride against Salmonella enterica biofilms from food contact surface materials, and none of the three antimicrobial agents eradicated the biofilms (Corcoran et al. 2014) . Other studies also have reported the resistance of Salmonella biofilm cells to disinfectants commonly used in the food industry (Joseph et al. 2001) . Pan et al. (2006) used a hydrogen peroxide-based agent against L. monocytogenes biofilms and found that it was ineffective in their elimination. These findings suggest that there is a need of new strategies to control biofilms, particularly in the food industry where biofilms are associated with spoilage food, economic losses, and foodborne illnesses/outbreaks.
Current strategies used to manage foodborne pathogenic bacteria can also be done using physical disruption, including heat, steam, and UV-light irradiation to non-selectively reduce the bacterial loads on food contact surfaces (Stanfield 2003; Delaquis and Bach 2012) . Another food processing technique is high hydrostatic pressure (HHP) that works between pressure ranges of 100 and 1200 MPa and has great effectiveness in inactivating microorganisms (Chawla et al. 2011) . HHP was first reported to have effect on foodborne microorganisms in 1899 when milk was subjected to 650 MPa for 10 min at room temperature (Hite 1899) .
There are many chemical-, mechanical-, thermal-, and pressure-mediated systems in use, and in addition to being effective, the current products and procedures should be safe, easy to use, and economical. Some of the technologies in use can, however, have significant downsides, such as corrosion of equipment, toxic chemical residues, and damage to the quality of foods. For instance, chlorine-based compounds have to be rinsed off from the surfaces in order to eliminate toxic products that can affect the final properties of the foods (Sampathkumar et al. 2005; Simões et al. 2010 ).
Bacteriophage Application to Biofilms and Other Surface-Attached Bacteria Formed in the Food Industry
Bacterial biofilms can grow in virtually any industrial setting, causing damage to working surfaces, equipment, and food products. In this section, we discuss the application of bacteriophages to the different surfaces depicted in Fig. 1 with the main outcomes of these studies detailed in separate subsections.
Application of Bacteriophages to Equipment Surfaces and to Working Surfaces and to Enhance Equipment Performance
Biofilm formation, which starts with an initial reversible bacterial attachment, may cause several equipment operating troubles, including decreased heat transfer, blocking of tubes, and plugging of filters. Biofilm formation may also be related to damage of surfaces (pitting and corrosion), which most likely leads to further microbial growth on those surfaces. The presence of biofilms on improperly disinfected and sanitized working surfaces (reviewed in Giaouris et al. 2014 and Coughlan et al. 2016 ) can lead to food product contamination and spoilage, which causes great monetary losses for the food industry and represents a risk to consumer health. Therefore, good disinfection procedures must be applied within processing plants, and bacteriophages present themselves as potential disinfection tools since they are effective in the control and eradication of biofilms, are nontoxic to humans, and are also considered to be environmentally sound ("green") (see ▶ "Bacteriophages as Biocontrol Agents"). Table 1 summarizes all bacteriophage work carried out against biofilms that mimic working and equipment surfaces and bacteriophage application to filtration systems to enhance their performance.
Outbreaks linked to consumption of spinach have raised awareness that during harvesting, harvester blades can potentially come into contact with fecal matter (Centers for Disease Control and Prevention 2006). Pathogens in fecal matter or improperly composted manure may attach to the harvester blades and potentiate biofilm formation. To study this, bacteriophages specific for E. coli O157:H7 were used on biofilms formed on spinach harvester blades. The blades were immersed in a cocktail of five bacteriophages (Patel et al. 2011) and after 2 h reduced bacterial loads on the blades by 4.5 log 10 . The action of bacteriophages against biofilms formed on food working surface materials such as stainless steel, ceramic tile, and glass has been studied (see Fig. 5 ). For instance, two bacteriophages specific for Pseudomonas fluorescens (phi-S1 and phiIBB-PF7A) showed good biomass removal efficiencies at optimal conditions (Sillankorva et al. 2004 (Sillankorva et al. , 2008 . Combining phiIBB-PF7A with a bacteriophage specific for Staphylococcus lentus, phiIBB-SL58B, significantly decreased dual-species biofilm populations after 2 h of bacteriophage application (Sillankorva et al. 2010) . Furthermore, to test the hypothesis if a single bacteriophage could reach its host and cause destruction in the presence of a non-specific host, the P. fluorescens bacteriophage ΦIBB-PF7A was added to dualspecies biofilms. This approach not only reduced viable cell counts but also caused detachment of the non-susceptible host to the planktonic phase. In another study, stainless steel, ceramic tile, and high-density polyethylene chips were artificially contaminated with E. coli O157:H7 and then challenged with a bacteriophage mixture called BEC8 at different multiplicities of infection (MOI) and also at different temperatures (Viazis et al. 2011 ). At temperatures above 12 C and a MOI of 100, no surviving cells were detected after 10 to 60 min of incubation. Another study using bacteriophages against biofilms formed on food contact surfaces (stainless steel and glass surfaces) was carried out with the bacteriophage cocktail SalmoFresh™, consisting of six lytic bacteriophages specific for Salmonella. In this experiment, SalmoFresh™ was capable of significantly reducing the number of Salmonella Kentucky (Salmonella enterica subsp. enterica serovar Kentucky) and S. Brandenburg (Salmonella enterica subsp. enterica serovar Brandenburg) attached to the surfaces (Woolston et al. 2013) . The presence of L. monocytogenes biofilms on food working surfaces is also a great concern to the food industry. Hence, many studies have been done with bacteriophages regarding elimination of L. monocytogenes biofilm. The effectiveness of three L. monocytogenes specific bacteriophages (LiMN4L, LiMN4p, and LiMN17) was tested individually or as a cocktail against L. monocytogenes biofilms grown on stainless steel coupons with or without a fish broth layer (Arachchi et al. 2013 ). Treatment of both surfaces with single bacteriophages reduced bacterial cells, though the use of the bacteriophage cocktail led to higher reductions on both surfaces. Steel present in food production facilities can support reservoirs of pathogenic bacteria. Listex™ P100 bacteriophage was used in the control of L. monocytogenes biofilms formed on steel wafers, and the end result was complete elimination of the biofilms from these surfaces (Iacumin et al. 2016) . L. monocytogenes bacteriophages have also been tested in combination with QUATAL (10.5% N-alkyl dimethyl-benzylammonium HCL and 5.5% glutaraldehyde), and the combination of both agents produced higher antimicrobial effect (Roy et al. 1993) . Aquaculture steel tanks are vulnerable to the formation of biofilms. In fact, the presence of Vibrio spp. attached to the steel tanks is a frequent and major concern since many species from this genus are pathogens for the animals grown in these tanks and also for the consumer (Haldar 2012) . For example, V. alginolyticus is an important opportunistic pathogen that causes disease in humans and frequently contaminates marine animals (Mustapha et al. 2013) . Because it can form biofilms, V. alginolyticus becomes even more difficult to eradicate, and bacteriophages can serve as alternative sanitizing agents. Sasikala and Srinivasan (2016) used bacteriophage VP01 to disrupt V. alginolyticus biofilms. The choice of surface material was not steel. Nonetheless, on polystyrene surfaces, a significant reduction in cell count numbers of 56% and 86% was achieved using bacteriophage concentrations of 10 10 and 10 12 , respectively. Little work with bacteriophages has been carried out on biofilm removal from equipment surfaces. To our knowledge, the only reports are related to the use of bacteriophages in water and wastewater filtration systems to control biofouling. These filtration systems are often impaired by biofilm formation. In one study, anthracite and granular activated carbon biofilter systems were artificially contaminated with Pseudomonas aeruginosa . A mixture of bacteriophages specific for P. aeruginosa was applied only once, on day 136 of this study, and the efficiency of P. aeruginosa removal from filters increased by 56% and 70%, in the anthracite and in the granular activated biofilters, respectively. The bacterium, Delftia tsuruhatensis, isolated from a wastewater treatment plant, was used to form biofilms on a laboratory-scale membrane bioreactor that simulated biofouling on a membrane bioreactor treating wastewater (Bhattacharjee et al. 2015) . Biofilm formation was responsible for a water flux on the bioreactor decrease of about 31% of its capacity. In this case, the use of a lytic bacteriophage specific for D. tsuruhatensis led to a flux increase of 70% of the original.
Application of Bacteriophages to Foods
Biofilms containing spoilage and pathogenic microorganisms can lead to serious problems, compromising the quality and safety of food products. Foods can become contaminated at any stage of the food chain, and cleaning and disinfection procedures may not be effective in the elimination of microbial contaminants (Sampathkumar et al. 2005; Pereira and Melo 2009; Gutiérrez et al. 2016) . The use of bacteriophages is one of the alternatives to the traditionally used methods in the elimination of biofilms in food settings. Several studies have been conducted using bacteriophages directly on food products (see ▶ "Food Safety and Bacteriophages"). Even though the majority of the studies that are addressed in this section do not imply an application of bacteriophages to control and remove biofilm structures, many studies were included because the presence of surface-attached bacteria may be inferred. The criteria for inclusion of the works were (i) works performed with adhered cells which display no increase of cells throughout time in the untreated control samples since these cells, which probably mimic biofilm detached cells, persist attached to surfaces and are involved in many cross-contamination events and many times can themselves lead to the development of biofilms and (ii) works where the authors have in vitro contaminated their products with bacteria in the absence of any remaining liquid media that could promote their planktonic growth and where the untreated samples (controls) register an increase in the number of cells throughout time (i.e., if there is insufficient liquid within which bacteria can be planktonic, then we assume that the bacteria are not planktonic). We have assumed, although no microscopy studies are presented by the authors, that these might be biofilm-related (Fig. 6 ).
Fresh-Cut Fruits and Vegetables
Fresh-cut fruit and vegetable products are widely available packaged items and can be already trimmed, peeled, and/or cut offering consumers a high nutrition product that keeps its flavor and freshness. Major focus has been given to E. coli O157:H7 (Table 2 ), a major foodborne pathogen which is commonly found contaminating fresh produce. Many of these studies were carried out on in vitro contaminated foods where the bacteria remained adhered and did not increase in concentration throughout the experiments. Some commercially available bacteriophage products have been tested in fresh-cut fruits and vegetables. This is the case of EcoShield™ and ListShield™, two bacteriophage mixtures available from Intralytix, Inc., designed for treating foods that are at risk of E. coli O157:H7 and L. monocytogenes contamination. The latter can also be used to reduce L. monocytogenes levels from non-food contact equipment, surfaces, etc. in the food processing plants and other food establishments.
In a study conducted by Carter et al. (2012) , EcoShield™ was used for reduction of E.coli on lettuce, and it was observed that this product significantly reduced bacterial loads by 87% after only 5 min of contact. In another study, EcoShield™ was applied on fresh-cut leafy greens, under atmospheric air or modified atmosphere ((5% O 2 , 35%, CO 2 , and 60% N 2 ) (Boyacioglu et al. 2013) . Although this bacteriophage cocktail was effective in reducing E. coli O157:H7 levels on fresh-cut lettuce and spinach under atmospheric air, this reduction was even greater when EcoShield™ was applied under modified atmosphere conditions. Hong et al. (2014) used a mixture of three bacteriophages to reduce E. coli O157:H7 on the surface of spinach leaves. They observed a reduction of 3.28, 2.88, and 2.77 log 10 CFU/ml when spinach was stored at room temperature for 24, 48, and 72 h, respectively. Cut green pepper and spinach leaves were artificially contaminated with E. coli O157:H7 and challenged with bacteriophage OSY-SP, which lead to a Leverentz et al. (2001) decrease of the bacterial load by 2.4-3.0 log 10 CFU/g on cut green pepper and 3.4-3.5 log 10 CFU/g on spinach leaves (Snyder et al. 2016) . Also, reduction of adhered L. monocytogenes on lettuce and apples was attempted with ListShield™, a commercially available bacteriophage cocktail (Intralytix, Inc.) (Perera et al. 2015) . The antibacterial effect with ListShield™, reduced L. monocytogenes loads on both products by 1 log 10 .
A few studies that initially start with bacteria spiked on foods register a high increase of bacterial numbers in the samples untreated with bacteriophage. Leverentz et al. (2001) used a mixture of four bacteriophages (SCPLX-1, Intralytix, Inc.) to reduce Salmonella Enteritidis population on the surface of several fresh-cut melons and apples, at different temperatures (5, 10, and 20 C). Although they observed a significant reduction of the bacterial load on melon slices, the same was not observed for apple slices, probably due the low pH of this fruit.
For the elimination of L. monocytogenes also from the surface of melon and apple slices, the bacteriophage mixtures LM-103 and LMP-102, provided by Intralytix, Inc., were applied (Leverentz et al. 2003) . Similar results to the study with SCPLX-1 cocktail were obtained, with the bacteriophage mixtures able to reduce the number of L. monocytogenes bacteria on the surface of melon but unable to do so on apple slices. Also of L. monocytogenes, broad host-range bacteriophages A511 and Listex™ regarding the elimination P100 were used on the surface of cabbage and lettuce (Guenther et al. 2009 ), and both bacteriophages caused greater than 2 log 10 cell reductions.
Bacteriophage HY01, capable of lysing E. coli O157:H7 and S. flexneri, was applied on cabbage leaves and was able to inhibit the food isolate strain E. coli O157: H7 ATCC 43895 for up 2 h. Bacterial recovery, however, was observed after 2 h of incubation (Lee et al. 2016 ).
Red and Poultry Meats
Another important source of food-related outbreaks is meat (poultry, pig, and bovine) (European Food Safety Authority 2015). Campylobacter, E. coli, and Salmonella are among the most frequently recovered pathogens from poultry skin and meat and therefore a focus of many bacteriophage studies (Table 3) .
Bacteriophages have been applied on artificially C. jejuni contaminated chicken pieces (frozen and unfrozen) and reduced adhered bacterial counts by approximately 1 log 10 (Atterbury et al. 2003) . In another study, bacteriophage 12,673 was applied on chicken skin portions, and C. jejuni counts were reduced by approximately 95% compared to controls, which continued to multiply on the skin (Goode et al. 2003) and possibly formed 3D biofilm structures.
Bacteriophages have been used to control/eradicate adhered Salmonella enterica serovars Typhimurium and Enteritidis from different meat products. A cocktail of bacteriophages (Felix 01, ФSH17, ФSH18, and ФSH19) applied on pig skin samples at multiplicities of infection (MOI) of 10 or greater reduced S. Typhimurium (Salmonella enterica subsp. enterica serovar Typhimurium) present on pig skin samples up to 2 log 10 during a period of 96 h (Hooton et al. 2011) . In another S. Typhimurium bacteriophage study, hot dogs and sliced turkey samples were Han et al. (2017) artificially contaminated and challenged with bacteriophage FO1-E2 (Guenther et al. 2012) , and although counts dropped to undetectable levels after 2 days of incubation with FO1-E2, bacteriophage-resistant bacteria appeared after 6 days. A bacteriophage cocktail composed of UAB_Phi20, AB_Phi78, and UAB_Phi87 bacteriophages had its effectiveness tested in pig skin and chicken breasts artificially contaminated with S. enterica serovars Typhimurium and Enteritidis (Spricigo et al. 2013 ). Significant bacterial reductions were obtained for both serovars on the two food products tested; however, the results are presented separately in Table 3 according to the behavior of the untreated samples. Bacteriophage wksl13, a broadspectrum bacteriophage infecting S. Enteritidis (Salmonella enterica subsp. enterica serovar Enteritidis) and S. Typhimurium, was used for the control of S. Enteritidis on the surface of chicken skin samples (Kang et al. 2013) . With a single-dose application of this bacteriophage, bacterial counts were reduced in 3.04 log 10 after 24 h of storage at 8 C, with no significant regrowth during the next 7 days. Unlike the other experiments described where cells only remained adhered and did not increase in number, more recently a study evaluated the antimicrobial activity of a bacteriophage cocktail, composed of seven bacteriophages against S. Typhimurium on chicken breasts (Han et al. 2017) . At all tested temperatures, bacterial loads in untreated samples increased significantly while bacterial loads were reduced to undetectable, at temperatures above 8 C after 1 day in contact with the bacteriophage cocktail.
EcoShield™ was successfully used to reduce the levels of E. coli O157:H7 in experimentally contaminated beef by more than 94% (Carter et al. 2012) . Also, the efficacy of four E. coli O157:H7-specific bacteriophages, T5-like (T5, T1-like (T1), T4-like (T4), and O1-like (O1) was tested, individually or as a cocktail in beef samples (Liu et al. 2015) . T5-like bacteriophage was the most efficient bacteriophage. Nevertheless, all bacteriophages were able to significantly reduce E. coli levels at all temperatures and multiplicities of infection tested.
Dairy Products
The dairy industry is commonly affected by microbial contamination that results from inappropriate disinfection of equipment, with L. monocytogenes being one of the most common foodborne pathogens responsible for these contaminations (European Food Safety Authority 2015). ListShield™ and Listex™ P100 and A511 have been tested on soft and hard cheeses as well as mozzarella cheese brine, to reduce the counts of adhered bacteria. ListShield™ applied on experimentally contaminated hard cheese was capable of reducing bacterial contamination by 0.7 log after 5 min of treatment (Perera et al. 2015 ). Listex™ P100 was tested on the surface of Minas Frescal and Coalho hard cheeses and was responsible for a bacterial population reduction of 2.3 log 10 , in Minas Frescal cheese, and 2.1 log 10 , in Coalho cheese . Listex™ P100 and A511 were tested in mozzarella cheese brine individually, and both bacteriophages decreased L. monocytogenes more than 5 log 10 .
L. monocytogenes targeted by Listex™ P100, applied on the surface of contaminated soft cheeses, reduced Listeria by at least 3.5 log 10 to complete eradication (Carlton et al. 2005 ). In another study, different types of soft-ripened cheeses were artificially contaminated with L. monocytogenes and challenged with broad-host bacteriophage A551 (Guenther and Loessner 2011) . This bacteriophage was able to eradicate bacterial cells from the cheese surfaces to levels under 1 CFU/cm 2 (detection limit) when the initial contamination rate was of 10 2 CFU/cm 2 or less, and when higher contamination rates were applied (10 3 CFU/cm 2 ), a significant reduction of almost 3 log 10 was observed.
Single Bacteriophage Versus Cocktail Approach and Other Approaches
Since industrial environments have a range of species distressing the food sector and since multispecies biofilm consortia are present (Flemming et al. 2016) , in order to target a higher number of species, the use of bacteriophage cocktails should be considered. A major advantage of using a bacteriophage cocktail is that it can act on a broader range of hosts. Also, the use of bacteriophage cocktails decreases the probability of emergence of bacteriophage-resistant bacteria. Several studies have been performed using bacteriophages as biosanitizers, as presented above, but only a few describe the antibacterial effect of the individual bacteriophages in a cocktail versus the cocktail bacteriophage result. As previously mentioned, elimination of E. coli O157:H7 from beef has been tested with four bacteriophages individually and in cocktail (Liu et al. 2015) . The T5-like bacteriophage had better efficacy than the cocktail in all experiments with a MOI of 1000 and 4, 22, and 37 C temperatures. Contrary to what was predicted, the cocktail had a lower efficacy which the authors suggested was due to competitive interference among bacteriophages. This result clearly shows that designing effective cocktails is challenging and if the bacteriophages are not tested individually, then the overall efficacy of the cocktail can be lower than the effect of one of the single bacteriophages present in the cocktail. In another work published by Arachchi et al. (2013) , three bacteriophages, LiMN4L, LiMN4p, and LiMN17, were applied individually or in cocktail for the elimination of L. monocytogenes on stainless steel coupons. Contrary to the results from Liu et al. (2015) , single bacteriophages reduced bacterial cells by 3-4.5 log 10 , and the cocktail was responsible for a much higher antibacterial effect (3.8-5.4 log 10 ), which clearly reflects the differences between the bacteriophages used in the aforementioned work.
Some studies have also combined bacteriophages with other agents. For instance, bacteriophage activity combined with quaternary ammonium compounds (QACs), widely used disinfectants in the food industry, was tested against Listeria by Roy et al. (1993) who used QUATAL (a product containing 10.5% N-alkyldimethylbenzylammonium HCL and 5.5% glutaraldehyde as active ingredients, Ecochimie Ltée, Quebec, Canada). Disinfection of stainless steel and polypropylene surfaces contaminated with L. monocytogenes biofilms was tested with bacteriophages H387, H387-A, and 2671 and their combination with QUATAL. The efficiency of these agents in combination was higher compared to the use of either one individually.
Another combinatorial work tested bacteriophages and chlorine, a chemical compound extensively applied in the disinfection of industrial work surfaces, to remove of Pseudomonas biofilms. The Pseudomonas bacteriophage-chlorine mixture worked synergistically in the control and removal of P. aeruginosa biofilms . The effectiveness of combining bacteriophages with chemical antimicrobials has also been verified on the surface of several foods. Chibeu et al. (2013) tested the efficacy of anti-Listeria bacteriophage preparation Listex™ P100 in reducing L. monocytogenes on the surface of RTE roast beef and cooked turkey, combined with chemical compounds potassium lactate and sodium diacetate. This study showed that the use of Listex™ P100 on L. monocytogenes adhered cells improved the efficiency of the used chemical compounds. The reduction of different Salmonella strains on chicken meat and chicken skin by combined application of the bacteriophage preparation SalmoFresh™ with lauric arginate or cetylpyridinium chloride was evaluated (Sukumaran et al. 2015) . This treatment led to significant bacterial load reductions when compared to the application of each product alone. In this way, the examples mentioned above demonstrate that, although bacteriophages have been proven to be efficient in the elimination of biofilms in different industrial settings, their combined use with different chemical antimicrobials can potentiate both products' efficiency, since bacteriophages very likely disrupt the biofilm's structure, leaving it more susceptible to the action of chemical compounds.
Challenges that Bacteriophages Face in Industrial Environments
Bacteriophage application in industrial environments is challenging since many conditions can lead to their inactivation. For instance, bacteriophages encounter sanitizers and disinfectants that can impair their viability. Several studies have assessed Lactococcus lactis bacteriophage viability in commercial sanitizers (foodgrade chemicals included oxidizing agents, halogenated agents, alcohols, quaternary ammonium compounds, anionic acids, iodine-based acids, and an amphoteric chemical) and disinfectants. L. lactis bacteriophages are a problem in the dairy industry (see ▶ "Industrial Processes Involving Bacteriophages") because L. lactis strains are particularly vulnerable to members of the so-called 936 group of phages, and therefore their removal is desirable which can only be accomplished using strict sanitization and disinfection with appropriate biocidal solutions. Several bacteriophages possess resistance to specific biocides or biocide types, and the ones showing resistance also tend to possess a broad tolerance to multiple classes of antimicrobial compounds. Many chemical compounds, such as benzalkonium chloride (BAC), a quaternary ammonium compound (QAC), completely eliminated bacteriophages at concentrations of just 0.1% w/v after 30 min (Campagna et al. 2014; Hayes et al. 2017) . Although not as efficient as BAC, hydrogen peroxide also is able to cause complete bacteriophage inactivation, but for this it requires high concentrations (20% (v/v)). A QAC-based disinfectant designed for surface cleaning in the food and dairy industry was tested in L. lactis bacteriophages, and the product was highly effective in destroying bacteriophages (Hayes et al. 2017) . The several types of commercial sanitizers and disinfectants containing various chemical agents differ in pH according to their active agent. For instance, acid anionic and carboxylic acid products have pH values as low as 2, and the pH range of QACs and phenolic compounds varies in the range of 3-10.5 and 3-9.5, respectively (Richter and Cords 2001) . The acidic pH conditions of many of these products are the main cause of bacteriophage inactivation. For instance, many bacteriophages do not survive pH lower than 4.5, such as T4 and PM2, among others (Ly-Chatain 2014).
The EPA has performed an extensive study on the role of UV radiation on the inactivation of viruses and bacteriophages with different size and genomic composition (Shin et al. 2005) . Some viruses rapidly became inactivated by low levels of UV. Nevertheless, although bacteriophage MS2 also suffered inactivation to some extent (2-log inactivation), the UV dose required for such reduction was high (30 mJ/cm 2)
. Large DNA viruses, such as adenovirus 2, also resist inactivation and for a 2 log 10 reduction they require an UV dose of 60 mJ/cm 2 . This behavior cannot however be transposed to bacteriophages since large DNA bacteriophages were rapidly inactivated (more than 5 log 10 ) with a small dose of 10 mJ/cm 2 . Inactivation by UV is therefore a challenge for bacteriophage application in industrial environments where UV is used as a disinfecting agent, and as the EPA's report demonstrates, bacteriophage inactivation by UV is not strictly virus size nor type dependent.
High-pressure processing (HPP) is a nonthermal method applied to foods that inactivates harmful pathogens and vegetative spoilage microorganisms using intensive pressure (400-600 MPa). In the dairy industry, HPP is usually used on milk, though it is known to have great influence in the physicochemical and technological properties of milk (e.g., casein micelles are disintegrated, whey protein hydrophobicity is modified, color is affected, etc.) (Chawla et al. 2011) . To warrant minimal effects on taste, texture, appearance, or nutritional value, the process is usually run at <45 C. HHP is known to inactivate unwanted L. lactis bacteriophages , and also norovirus (Kingsley et al. 2007) , in the pressure-temperature region of 0.1-600 MPa and 25-80 C. However, some bacteriophages can withstand these high-pressure conditions, such as two temperate L. paracasei bacteriophages . If HPP becomes a "musthave" technology in dairy industry, then there will be a need to select bacteriophages, where these are to be used, that can survive these conditions. The same bacteriophage selection needs to be performed if bacteriophages are to be applied in shellfish to target Vibrio sp. since HHP is an increasingly popular method of separating shellfish meat from the shell for molluscan shellfish (Kingsley 2014) .
The difficulty of applying a bacteriophage product for general cleaning is challenged by the massive microbial variety. Unlike in clinical settings, where an infection can be the result of a single species or a multispecies consortia (Kujiraoka et al. 2017; Ruppé et al. 2017) , this is not the case as observed in industry. The presence of several other non-susceptible bacteria, debris, dust, etc. limits the bacteriophage-host interactions, making bacteriophage therapy a difficult option for many food industry environments. Also, bacteriophages do not find their host under the optimal growth conditions, which can have a major impact in effectiveness. It is known that faster-growing cells support a faster bacteriophage growth, mostly due to the number of ribosomes and to a lesser extent due to the ribosome elongation rates (You et al. 2002) . Adhered and biofilm cells may not be in an ideal exponential phase as with many of the studies that are performed in the laboratories.
Despite all these challenges, the few biofilm studies described demonstrate that bacteriophages have a potential role in the reduction of adhered and biofilm cells from foods and food contact surfaces. Their application to food industry can be effective, however, and bacteriophages complemented with other technology (disinfectants, biocides, HPP, etc.) will possibly have better antimicrobial effect and consequently contribute to food safety.
Bacteriophages and Biofilms in the Clinical Setting Background
Biofilms, in which colonies of bacteria are embedded in a complex extracellular matrix derived from the bacteria themselves, are extremely common adaptations that allow bacteria to increase their resistance to a broad range of environmental challenges. Unsurprisingly, this protection is also important in clinical disease. It has been reported that biofilms are associated with up to 80% of bacterial infections (Bjarnsholt et al. 2018) , and they are known to be a marker of chronic infections where they aid in the persistence of bacteria (Abedon 2016 (Abedon , 2018a .
Biofilms are known to decrease greatly the effects of antibiotics and other chemical treatments (Ceri et al. 1999 ) and, along with metabolic factors, play an important role in the developing crisis of antimicrobial resistance (see ▶ "Introduction: Bacteriophages in the Era of Antibiotic Resistance"). It is important to note that a single biofilm may shelter not just the bacteria that produce it, but other, coinfecting bacteria (and other microorganisms) as well, although the population dynamics of such systems are as yet poorly understood.
Bacteriophage-Biofilm Interactions
Understanding of the complex interactions between bacteriophages and biofilms is limited. One significant issue in understanding the nature of the bacteriophagebiofilm interaction is that many studies of biofilms are conducted in vitro, with relatively immature biofilms (Ceri et al. 1999; Harper et al. 2014) often containing a single bacterial species. It has been suggested that multispecies biofilms may prove more refractory to bacteriophage-mediated eradication (Tait et al. 2002) , possibly by allowing other bacterial species to fill cleared zones. In contrast, others have demonstrated effective control of multispecies biofilms (Sillankorva et al. 2011) . It is clear that however such studies are conducted, it is unlikely that the complexity of in vivo biofilms will be easily modelled in vitro.
It is now clear as well that the extracellular matrix does not form an impermeable barrier to the diffusion of all antibiotics (Spoering and Lewis 2001) , though sequestration of some antibiotics by matrix components is known to occur (Mah et al. 2003) . Rather, the combination of a protective extracellular matrix with the presence of highly resistant persister cells allows biofilms to protect at least some of their bacterial contents, thus providing a shielded reservoir from which infection can spread out after a challenge, even if reduced or even eliminated elsewhere in the body.
It has long been known that bacteriophages can target bacteria even within biofilms that can resist antibiotic treatments (Harper et al. 2014) . Given the ubiquity of biofilms, it is unsurprising that bacteriophages have developed, over the long and complex coevolution of predator and prey (see ▶ "Bacteria-Phage Antagonistic Coevolution and the Implications for Phage Therapy"), the ability to target this rich source of bacterial hosts. In contrast, conventional antibiotics can be rendered almost ineffective even by early stage biofilms (Abedon 2015; Ceri et al. 1999; Harper et al. 2014) .
Characteristics of bacteriophages that assist with their ability to target bacteria within biofilms include their ability to amplify themselves locally to high levels where their host is present, producing a localized and focused antibacterial effect (Abedon 2015) . They also have the ability to infect the biofilm-associated persister cells which, being metabolically inactive, are highly resistant to antibiotics that rely on bacterial metabolism to exert their effects. Bacteriophages can infect these cells, activating and killing these hosts when they resume growth (Pearl et al. 2008) . Bacteriophages also can carry, produce, or even induce the production of enzymes to degrade the biofilm matrix (Harper et al. 2014) or can of course simply destroy the bacteria that produce the extracellular matrix, accelerating its degradation by external factors.
Biofilms provide a rich source of target bacteria in close proximity to each othera situation that has been referred to as "spatial vulnerability" (Abedon 2018b) . They are thus able, at least potentially, to support higher levels of bacteriophage amplification than more dispersed bacterial populations. In support of this, in some cases, biofilms seem to be more supportive of bacteriophage replication than are planktonic cells (Abedon 2017; Harper et al. 2014) .
However, there are also negative features of bacteriophage infection within biofilms. The extracellular matrix can limit bacteriophage diffusion, bacteriophages may become adsorbed to unproductive targets (due to abortive infection or prior cell killing) (Abedon 2018b) , and growth may be less rapid in the cells deep inside the biofilm owing to their slower metabolism. To quote Abedon (2018b) , regarding the use of bacteriophages against biofilms "phage ability to achieve and sustain sufficient numbers. . .must be empirically verified. . .rather than simply assumed."
As part of this limitation, it has been suggested that optimal bacteriophage activity might be associated with early stage rather than mature biofilms (Abedon 2016; Azeredo and Sutherland 2008; Sillankorva and Azeredo 2014) . However, against this it should be noted that bacteriophages have been shown to be effective against long-established infections of a range of targets in situations where biofilms are characteristic of the observed pathology (Fish et al. 2016 (Fish et al. , 2018 Hawkins et al. 2010; Wright et al. 2009 ). In such situations it is important to remember that other effectors are in play, from conventional antibiotics to the effects of the immune system of the infected host. Biofilms can also shield against such effectors, but their disruption can help to restore susceptibility (Chaudhry et al. 2017; Kumaran et al. 2018; Uchiyama et al. 2018 ) and aid in clearing even stubborn infections. The complexities of interactions with the immune response are of course very difficult to mimic in vitro.
Applications
Many of the studies of bacteriophage activity in vivo have targeted infections that are difficult to treat with conventional antibiotics. Unsurprisingly, these are often longterm infections where biofilms are present. Such infections include burn wounds (Phagoburn 2018) , chronic otitis (Hawkins et al. 2010; Wright et al. 2009 ), and lower limb ulcers (Fish et al. 2016 (Fish et al. , 2018 Rhoads et al. 2009 ) (see ▶ "Clinical Trials of Bacteriophage Therapeutics"; ▶ "The Use of Bacteriophages in Veterinary Therapy").
It is known that very low densities and other factors of their bacterial target can limit the efficacy of bacteriophages, where amplification cannot occur at useful levels (Abedon 2018b; Harper 2018) . This can require the use of very high levels of input bacteriophages to produce a useful antibacterial effect where few bacteria are present (see ▶ "Food Safety and Bacteriophages"), and this has been a challenge in some clinical work where the treated area lacks treatment-phage-sensitive bacterial targets (Rose et al. 2014) . The identification of suitable targets for the therapeutic use of bacteriophages will clearly require the identification of infections with a number of characteristics (Harper 2018) . These include the accessibility of the infection site, as well as the presence of sufficient levels and types of the bacterial host to support bacteriophage amplification.
Alternative phage-based approaches do exist. Work on the use of genetically engineered bacteriophages has been conducted, although these are often designed to be non-replicating, given the complications of using engineered, replicating agents in the clinic (see ▶ "Engineered and Non-replicating Bacteriophage"). Although some early work has been conducted (Fairhead 2009) , to date these studies have largely been focused on industrial rather than clinical uses (Lu and Collins 2007) .
Conclusion
Clinical work to date has demonstrated, even in the context of a fully regulated, controlled clinical trial (Wright et al. 2009 ), that bacteriophages can show considerable promise in the control of biofilm-associated infections -in that case chronic otitis caused by Pseudomonas aeruginosa. However, it has been stated that "such applications are still evolving, and . . . the identification of the most effective approaches has to be, at present, speculative in nature" (Harper et al. 2014 ). Although work is continuing to explain the complex interactions involved, this speculative nature is still very much the case at the time of writing. 
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